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SUMMARY

An investigationwasconductedtodeterminetherelativeadvantages
q andlimitationsof a numberof fluidsforuseaseitherheatsinksor
g coolantsforhypersonicsircraft.At flightspeedson theorderof

18,000feetperseconditmaybe necessarytoprovidecoolingforalmost
theentireaircraftstructure.* Thecoolingproblemcanbedividedinto
twomaincategories:(1)high-levelcoolinginwhichtheoutsidesurface
oftheaircrsftmustbe cooledtokeepthesurfacefrommeltingoroxi-

. dizing,smd(2)low-levelcoolinginwhichtheoutsidesurfaceis allowed
to reachequilibriumtemperaturebuttheinternslsupportstructuremust
be cooledto giveit adequatestren@h.In genersl,coolingismuchmore
difficultinthehigh-levelregions.

Severalheatsinkssreprobablyfeasibleforhypersonicaircraft.
Waterappearsbeston a storagevolumebasis,andliquidhydrogenisbest
on a weightbasis.Althoughlithiumandlithiumhydridehavebetterheat-
absorptioncapacitiesthsmeitherwateror hydrogen,theydonotappear
tobe suitableasheatsinksatthepresenttimebecauseof difficulties
inhandlingmoltenlithium.

In thehigh-levelregionssuitablecoolantswouldbehydrogen,water,
sodium,or a sodium-potassiummixture.Surfacecoo13ngcouldpossiblybe
eliminatedintheseregionsby usinguncooledsurfacesmadeof silicon
csrbide,impre~atedgraphite,or tungstenwitha silicidecoating.In
thelow-levelregionspracticallyanycoolantcould%eusedforconvec-
tioncooling,butwaterandhydrogenarep~ticularlypromisingbecause
theysrealsogoodheatsinks.

Itmaybe ~ssibleto eliminatethenecessityoftakingusefulvol-
me fromtheaircraftforheat-sinkstorageby imbeddingbslsasaturated
withwaterwithintheaircraftstructureforlow-levelcoolingandby

v usinguncooledsurfacesofhigh-temperaturematerialsinthehigh-level
regions.
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INTRODUCTION,,.

At hypersonicflightspeedsaerodmamicheatingmayrequire.”twt
structuralmembersbe cooledin someway. Thispaperpresentsresults
of a preliminarystudyto determinefeasiblemethodsof:coolingan.air-
craftstructureat sustainedflightspeedsup to atleast18)000feetper
secondataltitudesontheorderof180,000feet. Theaim_ofthi..study
istofindreliablemethodsof coolingthat--are”lowinweightand.volume,
flexibleenou@ toprovideforvariationsin coolingrequirements,not
undulycomplicated,andnothazardoustopersonnel.

A numberof studies,suchasreferences1 to 6,haveconsideredair-
craftor aircraft-equipmentcoolingsystems.Probablythemostfeasible
methodof coolingathypersonicspeedswithintheEsrth*satmosphereis
to carryS heatsinkor anexpendablecoolantwithintheaircraft.Air
cannotbe takenabowd fordirectuseasa coolantbecauseof theex-
tremelyhightemperaturestheairattainsfromramcompression.Refrig-
erationsystemsdonotappearpracticsl,becausethey”alsorequirea heat
sinkata reasonabletemperaturelevel,and.theheatloadtothesinkis
increasedbecauseof theinherentinefficienciesintherefrigeration
system.I%appearslogical,therefore,to studytheheat-transferchar-
acteristicsandheatcapacitiesof a numberoffluidsforpossibleuse
as coolantsand~orheatsinks.

At thisstageof theinvestigationiti.snotexpedienttomakea
designstudyof coolingfora particularaircraft,becauseconfigurations
varySubstantially.Theconfigurationwillaffecttheheatload,the
volumeavailableforthecoolantsystem,andtheproblemsassociatedwith
localhotspots.Instead,thisstudyconsiderstheproblemsassociated
witha rangeofheatfluxesthatshouldencompasstherangerequiredfo=
aircraftof thegeneralclassthatwouldbe capableof flightwithinthe
E=th’satmosphereat speedsup to atle~t 18,000feetpersecond.Al-
thoughmuchof the-discussionisdirectedtowardsthecoolingofwings,
thesamemethodsshuuld.beequallyapplicable-tothef@elage.

,.

TElEE3ATL0/LD ,.:. .

A det~ledstudyof aerodynamicheati~’yasnotm@e for,thiipil?erj
butsomekgowledgeof therangeofheat-transferratesandeg~lfbr~-um
surfacetemperatures.tobe encounteredinh~ersonicaircraft.isrequired
inordertomakeanintelligentinvestigatio~ofcoolingmethods.Heat-
transferratesandequilibriumtemperatureareinfluencedby speed;altit-
ude, andaircraftconfiguration..Theeffectsof speedandsltitudeon‘-
equili.bri~temperat~e~e.,shown.inreference1. ItWiH gepera+lybe..
necessaryto flyashighas possibleata @venfWW:,meed+-O.reduce
aerodynamicheati&,butthealtitudeattainableisalsoa functionof
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speed.As speedis increased,dynamicpressureis increased,andin
additiontheliftthatmustbe developedby thewingsis decreasedowing
to increasingcentrifugalforce.Mth effectspermitflightathigher
altitudes.Whensatellitevelocity(about26,000ft/see)isreached,no
wingliftisrequired.A studyof theresultsinreference1 reveals
thataerodynamicheatingfora glidemissileismostsevereforflight
speedsbetweenabout18,000and22,000feetpersecond.Thisis thetype
ofvehiclethatwouldrequirecoolingdevicessuchasthosestudied
herein.

Thehigherthewingloading,themoreseveretheaerodynamicheating
willbe,becauseattainablealtitudesfora givenflightspeedwilIlbe
lower.To determinean approximateideaof themagnitudeoftheheat
fluxes(heat-transferrateperunitsrea)andequilibriumtemperatures
tobe encountered,heat-transfercalculationsweremadefora wingwith

s a 78°sweepangleanda 0.25-inchleading-edgeradius,flyingat18,000
feetpersecondat180,000feetwitha wingloadingof 20poundsper:Q squsrefootandat an angleof attackof5°. Thecalculationmethodsof

y references7 to 9 wereused. Theresultsofthesecalculations,which
b arepresentedinfigure1, srenottobe consideredauthoritativebutu. ratherareestimatesfora classof aircraftonwhichpartof thepresent

anslysisisbased.Highheat-transferratesareencounteredforotiythe
firstinchof theleadingedge,andbeyond6 incheson thelowersurface

. end1 inchon theuppersurface(measuredalongthesurfacenormslto the
leadingedge)theequilibriumtemperatureislessthanMO_@ F fora sur-
faceemissivityof0.9.

Thereareseveralschoolsof thoughtconcerningthebesttypeof
structureintheregionswheretheequilibriumtemperatureis1800°F or
less. Someof thepossibletypesof constructionare(1)buildingthe
structureofmaterialssuchas a molybdenumslloythatcansafelywith-
standthistemperatureif a suitableoxidation-resistantcoatingcanbe
found,(2)buildingthestructureof high-temperaturealloyssuchas
thosedevelopedforgas-turbineenginesandapplyingenoughinternsl
coolingtoreducethestructureto a safeoperatingtemperature(e.g.,
12000to16000F),and(3)utilizingessentiallyanuncooledouterskin,
a layerof insulation,andan internallycooledsupportstructureasil-
lustratedbythelow-levelconfigurationinfigure2(b).In additionto
theaforementionedcomponentsinthethirdtypeof construction,rein-
forcementchannelssuchasillustratedin figure2(b}wouldhavetobe
placedperiodicallythroughoutthestructureinordertofastentheouter
skinto thecooledcorrugatedcomponentendto addrigidityto theouter
skin.Thedegreetowhichtheinternslstructurewouldhavetobe cooled
wouldbe a functionof themateri.slusedforthestructure.Approximate
temperaturesforstructuresmightbe 250°F forslumiqum,500°F fortita-
niumalloy,and1200°F fora high-temperaturealloysuchasInconelX.

.

i
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Thestudyhereinwillconsiderprimarilythecooledstructures.Only
7 inchesof thewing(measurednormaltothestagnationline)nearthe
leadingedgerequiressurfacecooling.Thiswillbe cslledthe“high-
level”coolingregion.Intheregionswheretheequilibriumtemperature
is1800°F orless(“low-level”coolingregions),onlytheinteriorstruc-
turalmembersofthewingwillrequirecooling.Thetemperaturetowhich
thestructuremustbe cooleddependson themateri~s.me heatfluxto
theseregionsis quitelow- lessthan1/213tu/(sqft)(sec)fora l-inch-
thicklayeroflow-conductivityinsulationsuchasThermoflex.

THEHEATSINK

A varietyof elementsandcompoundsshow i.nreference1 arecapable
of absorbinga largequantityofheatifva~rized,butusuallytheva-
porizationtemperatureishigherthanthelE!OO”F thatis consideredto
be themsximumtemperaturefortheaircraft.Figure3 showstheheat-
absorptioncapacityof severalelementsand,compoundsthatmaybe suit-
ableforanaircraftheatsink.Theheat-absorptioncapacityis consid-
eredtobe zeroatthecoolantstoragetemperaturethatappearsprac-
ticablefortheaircraft.Forheliumorhydrogenthistemperatureis
theboilingtemperatureata pressureof1 atmosphere.Approximately
100°F is thestoragetemperaturefortheotherheat-sinkmaterials.The
gasesheliumandhydrogenobtaintheir.heatcapacityfroma highspecific
heatanda largepossibletemperaturechange.Wateramd.thelightmetals,
sodiumandlithium,obtainmostoftheirheatcapacitythroughvaporiza-
tion,as shownby theverticallineson thefigure.Thetemperatureat
whichthisvaporizationoccursisinfluencedby thepressurelevel.Va-
lorizationis shownfortwopressurelevelsforeachof thelightmetsls
andwater.ThecompoundsmethanolCH30Hmd lithiumhydrideLiH ob~
tainmostof theirheatcapacitythroughdissociation.Thedissociation
occursovera rangeof temperatureandisa functionofpressurelevel-
(ref.10). Therateof dissociationisalso-influencedby theconcentr&-
tionofthedissociationproducts.Completedissociationwouldrequire
separationof theproductsfromtheoriginal.compound.Thismightbe
quitedifficultformethanol,sinceboththeoriginalcompoundandthe .
productswouldbe inthegaseousstate.

Figuxe3(a)showsthaton a weightbasisthepotentialheatcapacity
of waterislowerthanthatof anyof theotherheat-sinkmaterialscon-
sidered.Sincevolumeis alsoanimportantconsiderationInanaircraft,
theheatcapacityon a volumebasisis showninfigure3(b).Waterhas
thehighestdensityof alloftheheat-sinkmaterialsconsidered;conse-
quently,it showsupbetteron a volumebasisthanon a weightbasis.
At 1500°F thevolumeofwaterrequiredto al?sorba givenquantityof
heatisonlyaboutone-sixthofthevolumerequiredforheliumandabout
one-fourthof thatrequiredforhydrogen,buttheweightofhydrogenre-
quiredislessthanone-thirdthatofwater.

—
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Theliquidmetalsandlithiumhydrideshow

figure3 basedon heat-absorptioncapabilities,
of difficultiesassociatedwithhandlingliquid

5

up veryfavorablyin
buttherearea numiber
metalsathightemper-

atures(refs.11 and12). Lithiumhydridedissociatestomoltenlithium
andhydrogen;therefore,itshandlingpropertieswillbe similarto those
forlithium.Lithiumreadilyabsorbsnitrogenandformslithiumnitride,
whichisextremelydifficulttoremove.Inthemoltenformlithiumni-
tridemightslmostbe calledtheuniversalsolvent,asittilldissolve
practicel.lyallknowncontainersathightemperatures.Furtherresearch
isrequiredon suitablemethodsofhandlingmoltenlithiumbeforeserious
considerationcanbe givento itsuseinhypersonicaircraft.Sodium
doesnotpresentsucha difficultproblem.If a systemiskeptclean .
and,inparticular,freeof oxygen,sodiumcm be handledverywellup
totemperaturesof atleast1200°F. Masstransfermaybe a problemat
highertemperatureswheresodiumvaporizes.Forflightsof shortdura-
tionthismaynotbe a problem,butoxygenleakingintoa systemcould
causeoxidepluggingifthesodiumhasto flowthroughanysmsllopenings.

Heliumad hydrogen{psrticulsrlyhydrogen]appearquitepromising
asheatsinksifthevolumerequiredisnotexcessivefortheaircraft
in question.* Thestorageof a liquefiedgasin aircraftappearstobe
feasible.Figure4 showssomeof thedetsilsof a possiblemethodof
tankconstruction.Thetankisformedof concentricshellsof stainless
steelwithStyrofoaminsulationbetweentheshells.Theinsulation,
whichshouldbe about2 to3 inchesthick,hasa densityof about2.5
poundspercubicfoot. Thevolumewherethisinsulationislocatedcould
be evacuatedtoreduceheattransfer.Theinsulationservesas a separa-
torbetweenthetwoshells.As a result,theloaddueto thevacuumon
theoutershellis quitelowandtheshellc-be quitethin. A thick-
nessof from0.010to 0.020inchseemssufficient.Theinnershellshould
be thickenoughtawithstandtheinternalpressure,whichshouldprobably
be about50poundspersquareinchabsoluteinorderto protidesufficient
pressureto circulatethegasif it is alsousedasthecoolant.

Withtheproperoperatingprocedure,carryingthehydrogenaboard
theaircraftshouldnotbe a hazardtopersonnel.Purgingandexplosion
problemsassociatedwithcirculationof hydrogenthroughoutthecoolant
passagesin theaircraftarebelievedtobe easilycontrollableandtill
be discussedlater.

Methanolshowsa verygoodheatcapacityon eithera volumeorweight
basis(fig.3). A nickelcatalystisrequiredforthedissociationre-
action,amdthedissociationproductssrecarbonmonoxideandhydrogen
gas. A furtherinvestigationof thedissociationreactionof methsnol
concerningrates,
fromthemethanol

vaporpressures,andremovslof dissociationproducts
gaswouldprobablybewarranted.

.

.
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Thegasorliquidusedastheheatsinkmayormaynotbe usedas
thecirculatingcoolant.Forsimplicityi~wouldbe desirableforthe
heat-sinkfluidto serve--alsoasthecirculatingcoolant,becauseit
wouldthenbe unnecessaryto carryandstoremorethanonefluid.This
wouldalsoeliminatethecomplexity,weight,andvolumeoccupiedby a
heatexchanger.““

.

. . . . .,..

the
One

HEAT-TRANSFERCHARACTERISTICSOF SEWER&LCOOLANTS
.

ConfigurationsInvestigated

If theentirestructureof anaircraftistobe cmled,combining
heat-transfer.andstructuralmembersof theairframeisdesirable.
methodof doingthisistousea corrugatedstructureslmilsrto

thatshowninfigure2. Thisstructurecanbe lightweightandrigidand
atthesametimeprovidecoolingpassagesinthecorrugations.Forthis
studyno attemptwasmadetooptimizetheconfigurationon eithera heat-
trtisferor a structuralbasis.Probablysomecompromisewillultimately
be required,becausea singleconfigurationis quiteunlikelytobebest
forbothuses. Theconfigurationforthisanalysiswasarbitrarilychosen.
Studiesthathave”beenmadeon similartypesof coolant-passagegeometries
for”turbirieblades(ref.13)have“shownthatt~re is consider~~efree-
domin choosingCodigurationsj therefore,theconfigurationchosenis
probablyadequateatthepresentstageofinvestigationandwill.be suit-
ableforcomparingtherelativemeritsof variouscoolants.

.
Figure2 showsconfigurationsforhigh-level,low-level,andleading- “

edgecooling.Inthehigh-levelandleading-edgeregions(figs.2(a)
and(c),respectively),coolingisapplied~rectlytotheoutsideskin
inordertoreduceitstemperatureto1800°F. Forsimplicitythecon-
figurationdirectlyattheleadingedgeis similartothatforthehigh-
levelregionbehindtheleadingedge,andtbedimensionsof thecorruga-
tions(triangularpassages)aresuchthattheyfitintoa leadtngedge
havinga 0.25-inchradius.

Forthelow-levelregions(fig.2(b)),theequilibriumtemperature
of theskinis1800°F or less;therefore,directcoolingof theskinis
notrequired.Theouterskinprobablywouldnotbe sheetmaterielbut
would.bea--honeycombor corrugatedstructuretoprovideaddedrigidity.
Thetemperaturethattheinteriorstructurecanwithstandwillbe con-
siderablylessthan1800°FJ therefore,structuralcoolingis stillre-
quired.A l-inch-thickinsulationblanketofThermoflex(thermalcon-
ductivity-equalto1.1(Btu)(in.)/(sqft)(hr)(°F])wouldconsiderablyre-
ducethequantityof heattransferredtotheinteriorstructure.The
corrugationconfigurationwasassumedtobe~he ssmeasusedinthehigh- “-
levelregions.T%epermissibletemperaturelevelatthecorrugations
woulddependon thematerialsusedinthestructure.Threetipproximate.. . ...... .., ... . ..
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averagetemper@relevelswereconsidered:250°F foran aluminum
structure,500°F fora titaniumstructure,and1200°F fora high-
temperature-materialstructuresuchasInconelX.

7

AssumptionsandConditionsforCalculations

As previouslypointedout,thefluidsusedforcoolantsneednotbe
thessmeasthoseusedforheatsinks,althoughmanyof theheat-sink
fluidsareelsoexcellentcoolants,andtheover-allsystemcanbe sim-
plifiedifonefluidisusedforbothpurpses. Thefollowingcoolants
wereconsideredforthehigh-levelandlow-levelregions:Air(closed
system,nottakenaboardfromatmosphere)jhelium,hydrogen,waterj
steam,andNaK (amixtureof sodiumandpotassiumhavinga meltingpoint
aslowas12°F dependingupontherelativeamountsof sodiumandpotas-
sium). Althoughsodiumwasconsideredasa heat-sinkmaterial,NaKwas
consideredasthecoolantbecauseof itslowermeltingpoint.Itsheat-
transferpropertiesdonotdiffergreatlyfromthoseof sodium,sothat,
asa firstapproximation,resultspresentedforNaK=e alsoapplicable
to sodium.

High-levelandleading-edgecooling.- Thecalculationsforhigh-
levelandleading-edgecoolingweremadeovera rangeof heatfluxesfrom
1 to150Btu/(sqft)(sec),whichmorethancoverstherangeshownin fig-
ure1. Thegenerslcalculationprocedureswereas follows:Withgaseous
coolantsandwitha givenheatfluxandcoolantinlettemperature(cool-
anttemperaturesfrom0° to1000°F wereassumed),thecoolmtflowwas
setto givea walltemperatureof1500°F atthecmlantinlet.Varia-
tionsinwelltemperature,coolanttemperature,coolantpressure10ss,
coolantMachnumber,andpumpingpowerwerecalculatedasa functionof
distancefromtheinletusingmethodssimilarto thosein referenceI-3
andusingaverageheat-transfercoefficientsfortriangularpassagesfrom
reference14. Theinletpressurewasassumedtobe 50~unds persquare
inchabsolute.

WhenNaKwasusedas a cmlat, thewelltemperaturewasassumedto
be thessmeasthecoolanttemperaturebecauseof theextremelyhigh
heat-transfercoefficientsthatareobtainedwithliquid-metalcooling.
Asmentionedpreviously,sodium(orNaK)canbehandledeasierif its
temperatureiskept:.atlessthanabout12000F. In addition,NaKboils
atabout1440°F at1 atmosphereofpressure,sothatthesurfacetem-
peratureswillhave-tobe lowerwhenNaKisusedas a coolantthanwhen
thecoolantis a gas. Forthesecalculationstheflowrateof NaKwas
setby allowingitstemperatureto risefrom12~0 to 3-350°F in5 feet
of coolsnt-passage-length.Thepressurelossandpumpingpowerwerecal-
culatedfortheseconditions.

. . ..
Withwaterasthecoolant,thewslltemperaturewasassumedto ap-

proachthewatertemperatureof 281°F (saturationtemperatureat50
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lb/6qft.abs). Thecoolant-flowratewassetto SL1OW10percentof the
waterto VS,pOrfZei?I ~ feetQf Coolant-passagelength.Thepressureloss
sndpumpingpowerwerecalculatedfortheseconditions.

Low-1evelcooling.-.~: heatfl~es..u:ed.forthelow-level-cooling
,c~culationsweredeterminedby theamountofheatthatwouldbe conducted
ttioughthe1 inchof~h,ermoflexinsulationfora surfacetemperatureof
1800°F S@ theassumedinte.rg@.stWc@re.temperature(afunctionof
materialused).Forgasesljhe..f.lQw..ratwasasthatwhichresultedinan
inletMachnumberof 0.05andthecoolanttemperatureforaninletwall
temperatureof theinternalstructureof 200°,400°,or1100°F forelum-
inw, tittium,or InconelX stmct,urw,respectively.Theseassumed
inlettemperaturesarelowerthantheaveragetemperaturespreviously
mentioned,inorder.to allowforheatingofboththecoolantandthepas-
sagewallalongthepassageLmgth, ,Variationsinwslltemperature,cool-
anttemperature,coolant.pressure.loss,coolantMachnumber,andpumping
powerwerethencalculatedasa functionof distancefromtheinlet.The
inletpressure.w~ .@sswedtobe..5Opounds:~rsquareinchabsolute.

.,.. ,,. ,.. . , . - . .. ,. .
CalculationsusingNaKas.a coolaatweresimilarto thehigh-level

cooling”calculations,exceptthatwalltemperaturesandheatfluxeswere
lower.TheNaKtemperaturewassnowedtoincrease100°F in5 feetof
passagelength. ..’----.J--

Calculationsusingwateras~hecoolantwerealsosimilarto those
forhigh-levelcooltngexceptthattheheatfluxwaslower.

,... . .
.Cornpwison.of.Coolwlts

->-Thequestionariseswhether,it.ismoreadva@ageoustopassthe
coo~antthroughallthepassagep.$n tbeco~gated structureoronly
throughthose.passagesadjacent,to the.outsidesurface.Thecoolingmay
be.adeq@ewitheitherprocedure,.but.thepressm-elossesarelessif
thecoolanty~ses throughall,passagesbec”iiuseofthelargerflowarea.
As a result,thecomp~is.on.Qf_pQo@ntsslu~wninfigure5 isforthecool-
antpassingthroughallpassages”.Eeat-tr@nsferandpressure-lossresults
areshownfortwoheatfluxes.ForNaKandwater,however,heatfluxes
will.behigherth~ for.thegaseouscoolantsfora givenflightcondition
be.c.ause.ofthe,necessityofreducingtheskinto a lowertemperature,as
previouslydiscussed.-.Thislower,.temperatureresultsinhigheraerody-
namicheat.$r~ster.to..the.skinand.lessradiationfromtheskin.The
heatfluxesinfig~e 5,,we~e.theTefore,@@sted(increased)forNaKand
watqr.*oLp*e*hepoppaqj.~on.~ai~,.~orallcoolants.

Fi&e” 5(a)compares,th~c~olantsforaheat fluxof150Btu/(sq”ft)-
(sec.),w~ch..wul@be,abput.them~imWth4$ couldbe expectedatthe
stagnationlineof thewing. At a pressure”levelof50Nunds persquare .
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() inchabsoluteitwasnotpossibletopassenoughairor steamthrough
thecoolingpassagestoobtainadequatecooling,andconsequentlyair
andsteamaremt showninfigure5(a). Calculationsshowedthatitwas
notpossibleto coolwitha heatfluxof 100Btu/(sqft)(sec)withthese
twocoolantseither.WithhydrogenandNaKthemaximumlengthof passage
thatcouldbe cooledwasa littleover3 feetbecauseofwalltemperature
risewithhydrogenandpressure-droplimitationswithNaK. Heliumcould.
coola littlelessthanl;feetof
wasreached.

%b* Ifhigherinletpressureshad
beenbettercoolants,becausethey

passagebeforea pressure-droplimit

beenused,heliumandl?aKwouldhave
werelimitedby pressurelosssnd/or

Machnuniberbeforetheywerelimitedby excessivetemperatureriseof
thewallalongthepassagelength.It wasslsointerestingtofindthat,
whenheliumandhydrogenwereusedas coolants,thewalltemperature1
footfromtheinletwasactuallylessthantheinletwslltemperature
becauseof a trsmsitionfromlsminarto turbulentflow,whichimproved
theheattransfer.Thiswalltemperaturereduction,whichwassmall,is

y notshownby thefigure.Theinletcoolanttemperatureforhydrogenand
heliumwas0°F fortheresultsshown.Water,whichwasallowedtobv vaporizepartially,wastheonlycoolantwithenoughheatcapacityper
unitvolumetopermitcoolinga passage5 feetlong.

Thepowerrequirementsshownarethoserequiredtorestorethe
coolantto50 poundspersqusreinchabsoluteattheendof thepassage
lengthconsideredandfortheweightflowrequiredforcoolinga surface
1 fmt wide. By restoringthepressurethecoolantcouldbe circulated
again.Thiswouldresultinbetterutilizationof theheatcapacityif
thecoolantwere.slsotheheatsink.If thecoolantwerenottheheat
sink,thecoolantsystemwouldbe a closedcyclewithheatrejectedto
a heatsinkby meansof a heatexchanger.In thiscasethecoolantwould
be recirculatedafterrejectingheattotheheatsink,andthepressure
woulddefinitelyhavetobe restored.Becauseofthehighpumpingpower
requirementsandthecomplicationof insteUirtga gaspumpingsystem,the
coolantshydrogenandhelium,whichsreal-soheatsinks,wouldprobably
be exhaustedat a lowpressureandwouldnotbe pumpedbackto a high
pressureforfurthercirculationtobetterutilizetheheatcapacity.
FortheliquidcoolantssuchasNaKad water,wkdchwouldrequirere-
circulation,the~wer requirementsarequitelow.

Fromfigure1 it canbe seenthatwithinaninchof theleadingedge
theheatfluxhasdroppedto a valueof lessthan10Btu/(sqft](sec),
sothatonlya verysmallportionof theaircraftwillhavethedifficult
coolingproblemconsideredin.figure5(a). In figure5(b)theheat-
transferandpressurecharacteristicsofthecoolantssreshownfora

. heatfluxof10Btu/(sqft)(sec).Thetemperaturerises,pressuredrops,
andcoolantMachnumbersrequiredforadequatecoolingareprobably

-?
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satisfactoryforpassagelengthsup toatleast5 feetfor-sllcoolants
exceptair. Withairasthecoolant,walltemperaturesmaybecorne-”ex-
cessfvebecauseofrapidcoolanttemperature”rise.At thisheatflux
theflowinthecoolantpassageswasfoundtobe lsminarforallcoolants.
Forlaminarflowtheheat-transfercoefficientis essentiallyconstant
regardlessof flowratewithinthepassages.As a result-thewailtem-
peratureis controlledby”controllingthecoolanttemperature.There-
sultsshow”infigure5(b)areforaninletMachnumberof0.1andan
inletcoolanttemperatureontheorderof 200°F lessthfithewalltem-
perature.Ifverycoldcoolantwereused,thestructurewouldbe over-
cooked,regardlessof theflowrate,neartheentranceof thepassages.
Thisovercookingcanresultina wasteof heat-sinkcapacityandinpos-
siblethermalstressproblems.A possiblemethodof atleastpartially
overcomingthisproblemwillbe discussedlater.

LEADING-EDGEANDHIGH-LEVELCOOLING.

SuitableHigh-LevelCoolants

From thestudyofheat-transfercharacteristicsof thecoolantscon-
sideredinthisinvestigation,itwasfoundthatairor steamwouldbe
slmostcompletelyunsatisfactoryforheatfluxesof100Btu/(sqft)(sec)
orhigher.Wateristhebestcoolantif10percentof thewateris
allowedtovaporizealongthelengthof thecoolantpassage.Thepres-
suredropandpumpingpowerforwaterareslmostnegligible,andquite
longpassagescouldbe cooled.ThenextbestcoolsmtisNaK,followed
by hydrogenandhelium.

Freezingcouldlea seriousproblemwith-waterorNaKasthecoolant.
Freezingcouldbe encounteredon-thegroundor athighaltitudesbefore
reachingspeedswhereaerodymmicheatingbeco”mesa problem..Fossible
solutionstothefreezingproblem,arecircuitingthecoolantin a heated
stateduringfreezingconditions,or addingpropyleneglycoltowaterto
provideprotection~ approximately-65°F. Absoluteprotectionagainst
freezingwouldbe required,becauselocalblockageby frozen”coolant
couldquicklyresultinoverheatingorburnoutin Someotherportionof
thesystem“duringhypersonicflight.

.: ,- -.
Thefreezingproblemcouldbe overcomeb-yusinghydrogenas-the ‘“”

coolantinthehigh-levelregions.Withhydrogen,thecoolingpassage
lengthswouldhavetobe chosensothattherewereno”limitationsdueto
pre,ssurelossbr excessivewalltemperaturerise.Fora heatfluxof
150Btu/(sqft)(sec),a lengthof about”3fee%-”appearstobe practical
fora“Suppl-ypress@_eof50poundsper-sqim.re~~ti-chabsolute.Higher
su~ly—pre’s”sures,whichwbuldprobably”requir~useof a liquid-hydrogen
pump,wouldhelpa hydrogen-”cooled”system,bothby permittinghigher
pressure‘diopsandby causihga higher’heatcapacityperunitvolumeof
hydrogen.” l.-
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L’ Anotherdifficulty
sinkis theutilization
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encounteredwithhydrogenas a coolantandheat
of thefullheatcapacity- thatis, heating the

hydrogento a temperaturenearthewalltemperature.Usingthefull
heatcapacitywouldrequirepumpingsothatthehydrogencouldbe recircu-
lated,andthepwer requirementsforthismightbe exorbitant.It
muld probablybe moreeconomicalto dischargethehydrogenwithoutcom-
pletelyusingitsheatcapacityratherthsntopumpit. Forthemajor
portionof thehigh-levelregionwheretheheatfluxislessthan10
Btu/(sqft)(sec),quitelongcoolantpassagescouldbe utilized,but
hereagaindifficultywouldbeencounteredinutilizingthefullheat
capacityof thecoolmxtwithoutpumping.

OperatingProcedurewith~drogenCoolant

Oneof theprincipalfactorsaffectingtheuseofhydrogenasa
coolantisthesafetyproblem.Asidefromthefactthathydrogenhas
verywideflammabilitylimits,itisprobablynomoredangerousthsnthe
naturalgasusedforheatinghouses.By takinga fewprecautionsit
shouldbe possibleto circulatehydrogenthroughtheaircraftstructure
withoutcreatinga hazardto thepilot.

Oneproblemthatmustbe overcomeis thepssibleoccurrenceof a
damagingexplosionwhenhydrogenandairbecomemixedwithinthecoolsnt
passagesof theaircraftstructwe.Formostapplicationswithhydrogen,
thepassagesarepurgedwithan inertgassuchasheliumbeforethehy-
drogenis introducedandafterit is shutoff. In thecooledaircraft
structure,purgingwithheliummaynotbe feasiblebecauseof complica-
tion,weight,andvolumeof thepurgingequipnent.If thepressurewith-
inthestructureweresufficientlylow,however,detonationpressures
wouldbe tolerable,if a detonationdidoccur.In addition,theprob-
abilityof a detonationis quitelowforstructuretemperaturesless
than750°F atthetimethehydrogenandairsremixed(refs.15 to 18).
Detonationpressureratiosarea maximumof ~out 60 (ref.19). At the
sltitudesthattheaircraftwillfly,thebasepressurescanbelow
enoughthatif detonationdoesoccurthedetonationpressurewithinthe
coolantpassageswillbe 2 atmospheresor less. Sincethesepassages
shouldprob~lybe desig~edto standover3 atmospheres,theoccurrence
of detonationwouldnotdamagethestructure.

Figure6 showsminimumaltitudesas a functionof flightMachnumber
whereitwouldbe safeto chsrgeorbleedthehydrogencoolingsys-
temtithoutdangertothestructureif a detonationoccurred.Thefigure
isbasedonbleedingthesystemto thebasepressurethatwouldoccur
attherearof thefuselageor atthetrailingedgeof thewing. The
dataforthefigurearefromunpublishedexperimentalresultsofReshotko
andCortwrightat theNACALewislaboratory.As longas thehydrogen
coolantis turnedonor offandpurgedwithairat altitudesabovethe

.
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minimumshownon thecurves,thereshouldbe nohazardfroma possible
detonation.Flightabovetheminimumaltitudesshowninfigure6 for
corres~ndingMachnumbersseemsfeasible,~d structuralcoolingwould
notbe requiredattheseconditions.Theseconditionsshould,therefore,
be safeforturniigthehydrogenflowon

UtilizationofHydrogen

Figure3(a)showedthaton a weight

or‘off.

-.
HeatCapacity

basishydrogenis a superior
heatsinkatalmostanytemperaturelevel,butitwouldbe desirableto
raisethetemperatureofhydrogenashighaspossibleinordertoutilize
itsfullheatcapacity.Thisrequirestheuseofhydrogenovera tem-
peraturerangefromitsboilingpointof about40°R (-420°F)up to as
higha temperatureaspossible.Twoproblemsme immediatelyobvious:
First,unlesstheproperdesignisused,someareasof thestructuresre
liabletobe muchovercookedbecauseof theverylowhydrogentemperature
asit comesfromthestoragetank.Thisovercookingwastesheat-sink
capacityandmaycausestructuralproblemsresultingfromthermalexpm-
sionsandcontractions.Second,fullutilizationof thehydrogenheat
capacityprobablyisnotpossibleunlesspunipingisused. In thelow-
levelregionthelowstructuretemperatures=limitthetemperatureto
whichhydrogencanbe heated;andinthehigh-levelregionpressure-drop
limitationsarea problem,aspreviouslydisrgugsed.

Thereareatleasttwopossiblesolutionstotheproblemof over-
cooking. Onesolutionistheuseof counter,flowcoolingof thecorru-
gatedstructureasillustratedinfigure7.The metalusedforthecor-
rugationsformsa naturaldivider,sothatcounterflowcanbe easilyob-
tainedif coolantisintroducedtothepassagesabovethecorrugated
dividerononeendandtothepassagesbelow..thecorrugateddivideron
theotherend. Thismethodofcoolingshouldreducemetaltemperature
variationsalongthelengthofthecooling~ssagesandeliminatedrastic
overcooking.Thehighestmetsltemperaturewillbe nearthemidpointof
thepassage.Overheatingcouldoccuratthislocationifthepassages
weretoolong. :;

A secondsolutiontotheovercookingproblemistheuse.of a closed-
circuitcoolingsystemanda heatexchangertorejectheattotheheat
sink.Thecoolantintheclosedcircuitwouldhavetobe eitherhydrogen
orheliumtoprecludefreezingintheheatexchanger.Thetemperature
of thecoolantintheclosedcircuitcouldbe highenough,however,that
overcookingof thestructurewouldnotoccur.A seriousdisadvantageof
thistypeof systemistheweight
andpumprequiredforcirculating
co,unterflowcoolingisprobablya

andcomplicationof the:
these,cond&ycoolant.
bettersolution.

heatexchanger
Therefore,~_

.
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Thisdiscussionof heat-capacityutilizationis applicableto all
u materialsthatmustbe heatedtohightemperaturesto exploittheirfull

heatcapacity.Furthercomplicationsresultifthematerialmustbe
vaporizedinordertoobtainthemajorportionof theheatcapacity.In
thesecasesmixturesofbothliquidendvapormustbe handled,andunder
someconditionscarefuldesignisrequiredto avoid“slugging’!orburnout
fromvaporpockets.

UpperWingSurfaceas a HeatSink

Figure1 showsthattheequilibriumtemperatureof theu~er wing
surfaceislessthan1000°F at distancesfromtheleadingedgegreater
thanabout30 inches.Thisareacouldpossiblybeusedas a heatsink
forpartof thehigh-levelcoolingre~on. Assumingthatthecoolantis
a gas,suchasheliumor hydrogen,whichwouldhavea temperatureinter-
mediatebetweenthehigh-levelregionandtheheat-sinksurfacetemper-
ature,itmightbe possibletooperatewitha heat-sinksurfacetemper-
atureof about1500°F andradiateheatpickedup inthehigh-level
regionto theatmosphere.Calculationsindicate
in figure8(a)wereusedasa heatsink,between
ingon surfaceemissivity]of theheatpickedup
regionscouldbe dissipatedintheheatsinkfor
feetlong.

that,iftheareashown
30 and50 percent(depend-
fromthewinghigh-level
an aircraftabout75

Circulationof thecoolantfromthehigh-levelregionsto theheat
sinkrequiresadditionalducting,a pumpcapableof operationat about
1850°F, a powersourceforthepump,anda modificationto thewing
structuretoprovideanadditionalcorrugatedstructureon theoutside
surfacefortheradiatingheatexchanger,as shownin figure8(b).
Whetherthisaddedcomplicationandweightincreasewouldoffsetthe
savingsinweightinthefluidheatsinkisnotknown.It appears
doubtful,however,thatuseof theupperwingsurfaceas a heatsink
forhigh-levelcoolingwouldbe warranted.

Effectof Coatingson HeatFlux

In areaswherethereis a highheatflux,largetemperaturereduc-
tionsacrossrelativelythincoatingsarepossibleif thecoatinghasa
sufficientlylowthermsllconductivity.Stabilizedzirconiacoatings
(Rokide“Z”)arecapableof withstandingveryhightemperatures.Calcu-
lationsweremadetodeterminetheeffectivenessof suchcoatingsin the
high-levelregions.Theresultsareshownin figure9 forcoatingthick-
nessesof 0.025and0.050inchfroma metsltemperatureunderthecoating
of 1800°F. Thefigureshowsthattemperaturedropsup to 1600°F are
possiblethroughthecoating.Theresultinghighersurfacetemperature
on theoutsideof thecoatingwouldreducethe

m~a

convectionheattransfer
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andincre-&ethe’heatlossby radiationfor~agivensurfaceemissivity.
Theemissivityof zirconiacoatingsisonlyabout0.2athightempera-
tures; thereforethecoatingsarenotaseffectiveinradiatingheatas
othercommonmaterials.Thehigh-levelheatfluxesthatmustbe removed
by cooling,showninfigure9, areactuallygreaterwiththecoating
thanwithoutthecoatingforeitherthicknessconsideredexceptforabout
thefirst0.4inchof theleadingedge.Itthereforeappearsthatcoat-
ingswillnoteffectivelyreducehigh-levelheatfluxunJesscoatings
canbe foundthathavebothlowthermalconductivityandhighemissivity.
Suchcoatingscapableofwithstandingtheveryhightemperaturesrequired
areunknowntotheauthors.

It iswellknown
mosteffectivemethod

TranspirationCooling

thattranspirationcoolingistheoreticallythe
of coolingknownatthepresenttime.Theanalyt-

icalstudyofreference20 showshowmuchcoolantcouldbe savediftran-
spirationcoolingwereusedratherthanconvectioncooling.Thesavings
wereappreciablewithairas a coolantlbutconsiderablysmallerwith
heliumas coolant.Experienceandcalculations(refs.21and22)have
shownthatattainingtheidealcoolantflowsfortranspirationcooling
isextremelydifficult,particularlyiftherearepressuregradientson
thesurface.A relativelycomplexmeteriti”deviceforthecoolantwi~
be requiredinordertoobtaintheproperflowsat.vmiouslocationsfor
therangeof altitudesthatmustbe encountered,andthepermeabilityof
thesurfacemustbe controlledverycarefully- morecarefullythanha
beenfoundpractic@leup tothepresenttime. Ifthese.factorswe qo$
allcarefullycontrolled,coolantflowscanbecomegreaterthanrequired
forconvectioncooling,andlocslareasc=.overheat:Pqst.experience
in attemptingto transpiration-coolturbine-blades,whichhavemanyof
thesamecoolingproblemsaswingleadingedges,indicatesthatitwo~d
notbe wiseto attempttousetranspirationcoolinginthehigh-level
regionatthepresentstateof development; .-

UncooledMaterials

Figure1 showsthat,fora surfaceemissivityof 0.9,whichispos-
sibleforseveralmaterisls~theequilibriumtemperatureis3400°F at
thestagnationlineanddropsrapidlyfartherbackalongtheleading
edge. Conductionwouldprobablylowerthe_equilibriumtemperatureat
thestagnationline. Severalmaterialscoredprobablybeusedwithout
cooling--at”these”temperaturelevels.‘~8si=ematerialsare-~tigtiteni
molybdenum,graphite,”andsiliconcarbide.Reference23discusses,re-
sesrchon coatingsformolybdenumad @n&~en. Informationon graphite.-.. . ..
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is giveninreference24. Thepropertiesof
.,v rizedinthefollowingtable:

.

.

.

.

thesematerialsaresumma-

MatericilCo”ating Maximum specific Tensile sur-
temperaturej gravity strength face

oF, at3500°F, emis-
psi sivity

[oly%denumMosi~ Coating,32CX3 10.2 2,800 ?
MO melts,4750

,
!ungsten SilicideCoating,3800 10 to19.3 10,000 ?

W melts,6150

lraphite sic Coating,2900 1.6to1.7 4,000 0.9
to3300

Impregnated,4000
C sublimes,6600

ilicon None Oxidizes,2900 3.2 12,000at 0.9
carbide to3360 2730°F

Decomposes,4500

Thematerialsthatappearmostpromisinginthistablearetungsten,
graphite,andsiliconcarbide.Thesurfaceemissivityof coatedtung-
stenisnotknownby theauthors.If itislow,theequilibriumtemper-
atureattheleadingedgecanbe considerablyhigherthan34000F. The
specificgravityof tungsten.is a functionof sinteringandpressing
techniques.Graphitehasexcellentthermalshockproperties;its
strengthincreaseswithtemperature.up to about5000°Fj anditsthermal
conductivityishigh- up to5 timesthatof steelatroomtemperature,
butdecreasingwithincreasingtemperature.Conductionwouldundoubtedly
lowerthestagnation-lineequilibriumtemperaturefora graphiteleading
edge.Thesiliconcsrbidecoatingforgraphitestartsoxidizingat about
2900°F. Therateof decompositionisrelativelyslowathighertemper-
atures,butif thecoatingis thintheprotectionmaysoonbe lost. Ref-
erence25 statesthatgraphiteimpregnatedwithrefractorymetalresists
oxidizingatmospheresattemperatureswel.lover4000°F withoutdimen-
sionalchange.

Recentdevelopmentswithsiliconcarbide@.vemade.ita veryprom-
isingmaterislforuseon uncooledleadingedges...Whenabout7_percent
molybdenumdisilicideis addedto &lmostpuresiliconcarbide,verygood
oxidationresistancehasbeenreportedat.3270°F andfairresistanceat
3360°F. Puresificoncarbidestsrtsoxidizing”atabout2900°F, ad”-”
oxidationis quitesevereat3300°F. Thematerislhasgoodthermalshock
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propertiesanda thermalconductivityabouthalfthatof graphite,and
itsstrengthatelevatedtemperatureshoul~_beadequate.

Coatingsformolybdenumhavenotbeenverysatisfactorysince,if
a pinholedevelops,theoxideofmolybdenum,whichis a vapor,will
escapeandthestructurewilldisintegrate.In addition,thematerial
haslesshigh-temperaturestrengththantungsten,grayhite,or silicon
carbide,andthecoatingis goodonlyto3200°Fj therefore,molybdenum
isnotconsidereda suitableuncooledmaterialfortheaircraft.

Theuseof an “uncooled”leadingedge.stilldoesnotentirelyelimi-
nate thecoolingprobleminthisregionof theaircraft.Thisuncooled
memberwillhavetobe attachedto a lower-temperaturecooledstructural
meuiberandwilltransferheatby conductionatthepints of attachment
andby radiationinother=eas. Thisradiantheattransferfromthe
uncooledmembertothecooledmemberscanbe muchlessthan10percent
of theheatthatwouldbe transferredby convectionto a cooledleading
edge. Inordertoobtainlowheat-transferrates,low-emissivitycoat-
ingssuchasstabilizedzirconia(Rokide“Z”)shouldbeusedon the
cooledportionof thestructurebehindtheuncooledskin.

LOW-LEVELCOOL~G

Severslcoolingmethodsareprobsblyfeasibleinthelow-level
regionoftheaircraft.Fora double-wsll,insulatedstructurethecool-
ingcouldbeby convectionorby abuilt-inheatsinkas showninfigure
10. A convection-cooledstructurewouldhavetheadvantagesthatthe
coolantcouldbe turnedononlywhenneeded,therebysavinginthequan-
tityof coolantrequired,andthatthestructurecouldbe cooledtosl-
mostanydesiredtemperature.Ithasthedisadvantagesthatadditional
ductingwouldprobablybe requiredanda p~pingdevicemaybe necessary
forcirculatingthecoolantifthetankpressureisnotsufficient.In
addition,lightweightstructuresthatmaybe adequateforcarryingthe
structuralloadsmaynotbe suitableforveryhighinternalcoolsmtpres-
sures.Coolantsealingcouldslsobe a problem.

Thebuilt-inheatsinkis advantageousinthatit!s simple,that
no tanksarerequiredforcoolantstorage,andthatmoreuniformcooling
probablyresults.Itsdisadvantagesarethatrenewingorreplacingthe
heatsinkbetweenflightsmaybe a problem,thatthereislesscontrol
overthetemperat~etowhichthestructurecsmbe cooled,andthatthe
coolingcannotbe turnedofforon atwill:“Afm-therpossiblediffi@lty
withwaterastheheat
morethanithastobe
willresultinboiling
izationisusedwithin
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sinkisthattheinternslstructurewillbe cooled
becausethelowpre@uresencounteredat sltitude
temperatureslessthan100°F unlesssomepressur-
thewing. Quitepossiblytheincreasein structural -
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weighttopermitpressurizationwouldmuchmorethanoffsetthesmall
weightincreaseinwaterrequiredforovercooking.

Reducingthequantityof heat-sinkfluidrequiredwiththelmilt-
inheatsinkmightbe ~ssibleifthestructureis capableofwith-
standinga highertemperaturethanthevaporizingtemperatureof the
heatsink.In thiscasethequantityof fluidintheheatsinkcould
be controlledsothatitwouldprotideadequatecoolingin theesrly,
high-speedpartof theflight.In thelaterportionoftheflight,when
theflightspeedandequilibriumtemperatureshavedecreased,cooling
maynolongerbe needed.By properplanning,theheat-sinkfluidcanbe
expendedby thattimewitha savinginthequantityneeded.

Othercoolingmethodscouldbe usedwithsingle-wslluninsulated
structures.Forthesestructures,thematerisllusedinthestructure
shouldbe capableofwithstandingashightemperatureaspossibleto re-
ducetheheatload. Someconvectioncooling,probablywitha gasbecause
of thehightemperaturelevels,couldbe usedforcontrollingstructure
temperature.Thiswouldbe similsrtothemethodusedforhigh-level
cooling.Anotherpossibilitywouldbe theuseof full-depthhoneycombs
extendingfromlowertoupperwingsurfaces.Radiationfromthelower
surfaceto themuchcooleruppersurfacewouldpermittheuseofun-
cooledstructuresovermuchof thewingsurfaceifthestructurecould
withstandtemperaturesup to about1600°F. Thistemperatureappears
feasibleforsomeapplicationswherethestructureloadssresmall
thestructureismadeof a nickel-or cobalt-basehigh-temperature

ConvectionCooling

if
slloy.

Withthetypeof structureshowninfigure10 thereareno real
problemsinheatremovalby convectioncoolingwithanyof thecoolants
consideredinthelow-levelregions.In genersl,calculationsshowed
pressurelossesandcoolantvelocitiescanbe quitelow. Thepermissible
lengthof coolantpassagesandthecoolanttemperaturerisescanbe con-
trolledto a considerableextentby themass-flowrates.Generslly,the
structuretemperaturewillbe veryclosetothecoolanttemperature.As
mentionedpreviously,however,theutilizationofheat-sinkcapacityis
a problemwithlow-levelcooling,becausetheheatsinkcannotbe heated
to a highertemperaturethanthepermissiblestructuretemperaturein
thelow-levelregion.In addition,thefactthatthewslltemperature
willbe verycloseto thecoolanttemperaturecanresultindrasticover-
cookingin someareas,particul=lyifhydrogenorheliumisusedasthe
coolant. Thisovercookingcpmbe avoidedby usingcounterflowcooling,
asdiscussedpreviouslyandillustratedinfigure7.

Becauseof thedifficultyinfullyutilizingheatsinkssuchas
hydrogen,helium,or theliq~d metals;water

~~~~

is a promisingheatsink

.—
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forthelow-levelregions.Watercould,,beusedforconvectioncooling
by circulatingthewaterthroughthestruct~eatapproximatelybof+ing
temperatureata ratethatcausesabout10percentofthewatertovapor-
izethroughthecircuit.Thevalprwouldbebledoffandthe”remaining
waterwouldbe rec”irctiated.

A coolantsystemthatcirculatesa liquidcoolantsuffersthedis-
advantageof considerabledeadweightfromtheresidualcoolantthatis
necessarytofillthesystem.Sincethesystemmustremain~1 to~the
endofthetimethatcoolingisrequiredi~”ordertoensurecirculations
thisresidualcoolantcaanotbe usedfora heatsink.Since.a large
areamustbe cooled,thiscanamountto almostasmuchweightin some
casesastheweightofwaterthatwo@d be requiredfora heatsink,for”
allthelow-level“re”gionsontheairplane.If wateris.usedastheheat
sink,thecomplicationof tanksandpumpsforrecirculati~thewater
cahpossiblyb“eeliminatedby storingthewat”eratthelocationwhere
theheatistabe absorbedby thebuilt-inhe”a~sink,aswillbe ~s-
cussedlater.

The-discussionup tothispint on convectioncoolinginthelow-
levelregionhasdesltwitha double-wsllinsulatedstructureas shown
infigure10. Foranuninsulatedstructurethecoolingproblemwouldbe
noworsethanthatillustratedinfigure5(b). Thestructureco~d be
cooledwithanyof thecoolantsconsidered.WaterorNaKwouldprobably
coolthestructuremorethannecessary,andthetotalheatloadswould
be high..Agaseouscoolantisthereforeindicated.Thebestcoolant
wouldbe hydrogen,andnextbestwouldbe helium.Althoughtheheat,
loadswouldbe higherforthesingle-wallth.mforthedouble-w~l”con~-
structionbecauseofhigherpermissiblesurfacetemperaturesinthe
dotible-wqlconstruction,theheatcapacityof a heatsinklikehydrogen
couldbe morefullyutilizedbecauseit couldbe heatedto a higher”tem-
peridmre.,Asa result,theweightofheat-s- fluidmaynotbe &y
higherforthesingle-wallconstruction.To dete~ine.which-t~e-ofco,g-
figurationisthebestfor”cooli~wouldreqhirea heat-transferan@ysis
basedonthebtruc{urslconfigurationsconsi_@eredfora particularapplic-
ationandforthedesiredcoolantand.heat-s.inkfluid.:’- .,..-. .

.. ....-- . . -.
.. CoolingwithBuilt-InHeatSink

A heat-sinkcoolingsystem(fig.10(b))shouldbe abletomaintaina
reasonablyconstanttemperatureBy utilizing,theheatofvaporizationof
a liquid.Thetemperaturelevelcanbe controlledby choiceof theheat-
sinkfluidandby thepressurelevelmai.ntaine-dinthesystem.Forthe
fluidsthatwereconsideredinthis=@ysis.i.waterwo~lg.besMtab3e.
fortetiperaturesup to about~12°F, sodi&,-for”temper&zres“fromabout”’””
1000°to1600°F, ahdlithiumtittempe.ratti$e~.iti.s~iesq.oflti@F._A ..
furtherrequirementforl’ie@&s~.ti_cOOlin&.}s”.3~~:th:.Pe?t~S?*mat~.:f~... .:.
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be capableof properdistributionoverthesreasthatmustbe cooled,
andthatitsdistributionnotbe adverselysffectedby acceleration
forcesthatmightbe experiencedintheairplane.Withallfactorscon-
sidered,waterappearsthemostpracticalfluidforheat-sinkcoolingat
thistime.

Thenextquestionishowtoholdthewaterin theproperlocations
underallflightconditions.Probablythemostpracticalwayof storing
thewateristoletitbe sbsorbedin somepQrousmaterialthatcanbe
distributedthroughouttheairframe.Mostmaterialsthatarecapableof
absorbinglsrgequantitiesofwaterwilllosemostof thewaterunder
accelerationforcesof a fewg’s. An exception,however,is saturated
balsa.ExperimentsconductedattheNACALetislaboratoryhaveshown
thatbalsawoodcsnbe saturatedto a specificgravitygreaterthan
unityifsubmergedinboilingwaterunder15poundsgagepressure.The
weightofthesaturatedbalsaisup to10 timesitsdryweight.Centri-
fugetestshaveshowna waterlossoflessthan2 percentafter5 min-
utesat5 g;s. Mostof’thislosswasprobablydueto eva~rationrather
thsncentrifugal-forceeffects.Heat-transfertestsinan apparatusthat
simulatedthestructureshowninfigure10 revealedthattemperatures
couldbe adequatelycontrolledwithsaturatedbslsaastheheatsink.
Fora flightabout1 hourlongwithabout40minutesof aerodynamicheat-
ingattheconditionsconsideredindeterminingtheheatloadforfigure
1 (18,000ft/secatan altitudeof aboutl&),000ft),therequiredbslsa
thicknesswouldvaryfromabout0.1to0.3inch,dependingon thesur-
faceequilibriumtemperature,whichis a functionof distancefromthe
leadingedge.

Certaindifficultiesareinvolvedintheuseof saturatedbslsaas
a heatsink.It tendsto distortupondrying;if exposedto airunder
theheatingconditionsencounteredinthisapplicationitwillchsrafter
drying;andresaturationmaybe difficultwithintheaircraftbecauseit
wouldrequirecirculatingpressurizedhotwaterthroughouttheentire
heat-sinkarea.Becauseof thesedifficultiesbalsaisprobablynotthe
bestcarrierforwaterin a built-inheatsink,andsomeothermaterial.
maybe better.Thispreliminarystudyhasshown,however,thatcooling
witha built-inheatsinkisfeasibleandthatmaterialscanbe found
thatcanabsorbadequatemountsofwaterandnotlosethiswaterunder
accelerationforcesup to atleast5 g’s.

WeightEffects

In-ordertodeterminetheoptimummaterialtousein themainstruc-
tureof theaircrsft,it is necessarytohow theeffectof structural
temperatureon theweightof thecoolingsystem.In general,structures
designedfor”highertemper.a$.ureswillbe heavier,@d thecoolirigsystems
willbe lighter;consequently,theweightof structurehastobe balanced
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againsttheweightof thecoolingsystem.Severalweightcomparisons
aremadefora dotile-wallinsulatedcoolingsysteminfigure11for
hydrogenandwaterasheatsinks.Inthisfiguretheweightof thecool-
ingsystemis givenpersquarefootof aircraftsurface,andi.tistaken
astheweightof3-pound-per-cubic-footThey_noflexinsulationplusthe
weightofheat-sinkmaterislrequiredto absorbtheheatthatwouldhave
tobe removedduring40minutesof aerodynamicheating.Thecooling-
systemweightsobtainedby thisanalysisme probablyoptimistic.No
t&nkor ductingweightwasincludedforhydrogen,andItwasassumed
thatthehydrogencouldbe heatedtothesshetemperatureasthestruc-
ture.Thisassumptiongivesthemsximumhe@ capacitypossible.For
watera 10-percentdeadweightwasincluded.inthecalculationsto ac-
countforbslsawoodusedtoholdthewater.Experiencemayshow,how-
ever,thatanother5-or10-percentincreaseinweightmaybe necessary
becauseof difficultyinobtainingcompletedryingof thebalsaduring
flight.

FigureH(a) showstheeffectof insulationthicknessforanouter-
sldntemperatureof1800°F. Aswouldbee~ected,theweightisless
withhydrogenthanwithwaterastheheatsinkbecauseof thegreater
heatcapacityofhydrogen.In addition,watercouldnotbe usedfor
structuretemperatureshigherthanabout212°F forreasonableinternal
wingandfuselagepressuresbecausewaterabsorbsitsheatby evapora-
tion.Withhydrogen,thehigherthestruct~etemperature,themore
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heatcanbe absorbedbecauseof highertemperaturerisestotheheat
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sink.Thisisdoublyeffectivebecausetheheatfluxi.sdecreasedowing
to smallertemperaturegradientsthroughtheinsulationathigherstruc-
turetemperatures.Figuren(a) showsthatitwouldbe detrimentalto”
increasetheinsulationthicknessfrom1 inchto 2 inchesforhydrogen,
becausetheIncreasedweightof insulationmorethanoutweighsthere-
ductioninhydrogenrequiredforcooling.If waterisusedastheheat
sink,however,itwouldbe advantageousto increasetheins~ationthick- -
ness,ifpossible,toreduceweight.

Figuren(b) showshowinsulationthicknesscouldbe decreasedin
theaircraftas structuraltemperatureisincreasedanda constantheat
loadismaintained.Theweightsavingshownasstructuretemperatureis “--~
increasedandinsulatingthicknessisdecre~–sedisdueprimarilyt+ added
heatcapacityin thehydrogenathighstruc+uretem~eratures.TheJeff=-ct
of insulationweightreductionisverysmall.Comparisonof figures“--”“--
n(a) md (b)showsthat1 inchof insulationthicknessapproaches=
optimumforhydrogenastheheatsink.Fora givenstructuretemperature
thecoolant-systemweightsfor1 inchof ins_ul.ationareslightlyless

—

thanthoseforthinnerinsulation,buttheeffectofthicknessis quite ‘“
smell.Thisindicatesthat,ifhydrogenis..usedastheheatsink,there
canbe considerablefreedomin thechoiceofinsulationthickness.
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Figurel-l(c)showstheeffectof skintemperatureon coolant-system
weight.Theequilibriumtemperaturesof theskinwillvarywithdistance
fromtheleadingedge,flightspeed,andaltitude.Theskintemperature
hasa significanteffectontheweightof waterrequiredfora heatsink
l)utonlya smslleffectifhydrogenistheheatsink.

Increasingthestructuretemperaturefrom212°up to 1200°F could
resultin a maximumreductioninhydrogencooling-systemweightof about
1/2poundpersquarefootof surfacearea(fig.11). An analysisof the
structureisneededto determinewhetherthisweightsavingwouldwarrant
buildingthestructureof high-temperaturematerials.In addition,from
0.3to1.3poundspersquarefootof aircraftsurfacecanbe savedby
usinga hydrogencoolingsystemratherthana watercoolingsystem,de-
pendingon structuretemperatureandinsulationthickness.Thisweight
savinghastobe balancedagainstthevolumethatwo~d be requiredfor
storinghydrogen.Essentiallynousefulvolumeistakenby thewater
if it isinbalsaimbeddedwithintheaircrsftstructure.

CONCLUSIONS

Fromthispreliminaryinvestigation,
be drawn:

thefo3J_owingconclusionscan

1. Severslheatsinksareprobablyfeasibleforhypersonicair-
craft.Waterandliquidhydrogenappeartobe mostpracticsl,but
sodiumalsolookspromising.At thepresenttimelithiumandlithium
hydridedonotappesxtobe suitableasheatsinksbecauseof difficulties
inhandlingmoltenlithium.

2.It appearsthatstoragesndcirculation
craftneednotbe a haz=djtherefore,hydrogen
heatsinkthanhelium,whichwouldhavesimilar
problemsbutlessheatcapacitythsmhydrogen.

of hydrogeninan air-
wouldbe betteras a
handlingandstorage

3. Coolingor temperature-reductiondevicesthatwerestudiedand
thatdonotappeartobe practicalatthepresenttimeinhigh-level
regionssre: (1)useof theupperwingsurfaceas a heatsink,because
ofweightandcomplicationof ductingandpumpsrequired,(2)low-thermsl-
conductivitycoatings,becauseknowncoatingsthatmaybe applicablehave
suchlowemissivitiesthattheydonotreducetheheatfluxto thecool-
ant,and(3)transpirationcooling,becausecoolant-flowdistributions
thatsrepresentlyobtainableinregionswheretherearelargepressure
gradientssxeso
smallerthanfor

4.Uncooled
or tungstenwith
levelregionsof
be eliminated.

farfromideslthatcoolantrequirementsmaybe no
convectioncooling.

surfacesmadeof siliconcarbide,impregnatedgraphite,
a silicidecoatingappeartobe feasibleinthehigh-
theairplane,sothathigh-levelcoolingcouldpossibly
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5.If itis_notdesirabletouseuncooledsurfacesinthehigh-ievel
regions,coolingcouldbe accomplishedwit,hhydrogen,water,sodium,or
a s-odium-potassiummixture.A counterflowrcoolipgsystemshouldbe used,
particularlywithhydrogen,toreducetemperaturevariationsandprevent
overcookingin someareas.Hydrogenhastheadvantagethatpumpsend
heatexchangerswouldnotbe required.““’-” ...

6.Practicallyanycoolantcouldbe w-cdforconvectioncoolingin
low-levelregions,butwaterandhydrogen‘b.reparticiibailypromisingbe-
causetheyme alsogoodheatsinks.A cooling-systemweightanalysis
showedthatincreasingthestructuretemperaturefrom212°to1200°F_.
couldresultina mexlmuurreductioninhydrogencooling-systemweightof
about1/2poundpersquarefootof surfacearea.In addition,thehydro-
gensystemcanbefrom0.3to1.3poundspersquarefootlighterthan
thewatersystem,dependingon structuretemperatureandinsulation
thickness.

7.Thereducedweightof a hydrogencoolingsystemhastobe bal-
ancedagainstthevolumerequiredforhydrdgenstorage.It appeexspos-
sibleto eliminatethenecessityof takingusefulvolumefromtheair-
craftforheat-si~storageby irribeddingb~sa saturatedwithwaterwith-
intheaircraftstructureforlow-levelcoolingandby usinguncooled
surfacesofhigh-temperaturematerialsinthehigh-levelregions.

LewisFlightPropulsionLaboratory
NationalAdtisoryCommitteeforAeronautics

Cleveland,Ohio,January7,1958
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EvacuatedSt~ofoam
insulation;
density= 2.5lb/cuft~

Stainless-ste
outershell
0.010to 0.02
in.thick

lHgure4. - Possibleconfigurationforan insulated,
vacuum-jacketedstoragetankforliquidheliumor
hydrogen.

29

to 3 in.



——

30

Exampleof structural
elementbeingconsidered

Heatflow
into
structur

coolant-
flow
direction am ~

1
SJ

[
d

wall ‘2
~Inner Im

NACARME57L19

x,ft

U5
p’J 3 ..
f?#$jl

%eatflux
ad~usted
forlower-
surfacetemp.

:,_

d 1-1-1 r-! r

H2

... BTr
He

I,,,●

51?aK*Water*——

(a)Heatflux,150Btu/(sqft)(sec).

Figure5.-Comparisonofseveralcoolsnts.

——

NaK*

He tiiilWater*
—.

—

.—

—

*—’

.
-



I

Coolant pressuredrop
in x-direction,lb/sqin.

‘~$

(n.

Exitmoh no. Or coohmt

Coolsntpumpingpower,hp

‘~g

13KRCl~
1 !$

4783

t-it

wK



.- -

.—

I3W1O3

60

E

4--

20

E

I?AC!~RM E57L19

\ Safe

\
Fuselageresr-endbleed

edgebleed

o 1 2 3 4-.
FlightMadinumber

‘Figure6. - Minimumaltitudeforpurging
hydrogendetonationpressurelessthan

5

coolingsystem
2 atmospheres.

for

9-

●

,. :___
:.—
-.
——

.. —

—

—

-—

—-



.

NACARM E571L9 .- 33

Figure7. - Ikmmpleof counterflowcoolingof a corrugated
structure.,
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